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1^ Abstract 

o . . 

OO ' Unitary and analytic ten-resonance model of the nucleon electromagnetic (e.m.) struc- 

\ ture with canonical normalizations and QCD (up to the logarithmic correction) asymp- 



totics is constructed on the four-sheeted Riemann surface, which provides a superposition 



^ • of vector-meson pole and continuum contributions in a very natural way. As a result it 

describes simultaneously all existing experimental space-like and time-like data on the 
(— I , proton e.m. form factors (ff's) and on the neutron cm. ff's as well. A crucial factor 

in the latter achievement is the inclusion of a contribution of the fourth excited state of 
^ ■ the p(770) meson with the parameters mpn„ = 2455 ± biMeV, Tp^n, = 728 ± 2MeV and 



; (/p'-'ATAr/Zp"") = 0.0549 ± 0.0005, (4'l^^r//p"") = -0.0103 ± 0.0001. The pronounced 

effect of the two-pion continuum on the isovector spectral functions demonstrating a 
strong enhancement of the left wing of the p(770)-resonance close to two-pion threshold, 
which was revealed by Hohler and Pietarinen by means of the nucleon ff unitarity con- 
dition more than a quarter of the century ago, is predicted by the model automatically. 
The model gives large values of the f^^[^ coupling constants, thus indicating the viola- 
tion of the OZI rule. Since in the framework of the considered model isoscalar ff's above 
their lowest branch point tg — 9toJ are complex functions, the isoscalar spectral function 
behaviours are predicted as well. 



*e-mail: fyzidubn@savba.sk 
^e-mail: dubnickova@fmph.uniba.sk 
*e-mail: upsyweis@savba.sk 



1 



1 Introduction 



The electromagnetic (e.m.) structure of tlie nucleons, as revealed first time in elastic electron- 
nucleon scattering almost half a century ago, is completely described by four independent 
scalar functions of one variable called form factors (ff's). They depend on the square mo- 
mentum transfer t = —Q^ of the virtual photon. 

Nucleon e.m. ff's can be chosen in a divers way, e.g. as the Dirac and Pauli ff's, Ff{t), 
F]'{t) and (t), F^{t), or the Sachs electric and magnetic ff's, G'%{t) and 

G^{t), or isoscalar and isovector Dirac and Pauh ff's, F({t), F^{t) and F2{t), F2 (*) ^'id 
isoscalar and isovector electric and magnetic ff's, G'^{t) and G%j{t), G\j{t), respec- 

tively. 

The Dirac and Pauli ff's are naturally obtained in a decomposition of the nucleon matrix 
element of the e.m. current into a maximum number of linearly independent covariants 
constructed from the four-momenta, 7-matrices and Dirac bispinors of nucleons as follows 



(iV|J---|7V) = eu{p'){^,F^{t) + ^a,.{p'-p).Fi'{t)}u{p) (1) 



with rriAT to be nucleon mass. 

On the other hand, the electric and magnetic ff's are very suitable in extracting experi- 
mental information on the nucleon e.m. structure from the measured cross sections 



r<2 t ni 

r ^"'jv 



(2) 



a = 1/137, E'-the incident electron energy, 

and 



or 



<r(e+e--AriV) = l^^[|GMWP + ^|GMt)n, Pn = Ji-^ (3) 



c^toTiPP - e+e-) = ^^[|GM(t)P + ^\GEit)\% (4) 



(Pcm. ■9'iitiproton momentum in the cm. system) 
as there are no interference terms between them. 
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In the Breit frame, the Sachs ff 's give the distribution of charge and magnetization within 
the proton and neutron, respectively. Prom all four Sachs ff 's the neutron electric ff plays a 
particular role. Though the total neutron charge is zero, there is a nonvanishing distribution 
of charge, which leads to the nonvanishing neutron electric ff. 

The isoscalar and isovector Dirac and Pauli ff 's are suitable for a construction of various 
phenomenological models of the nucleon e.m. structure. The most attractive of them is the 
Vector Meson Dominance (VMD) picture in the framework of which ff 's are simply saturated 
by a set of isoscalar and isovector vector meson poles on the positive real axis. However, this 
turns out to be practically an insufficient approximation and in a more realistic description of 
the data (especially in the time-like region) instability of vector-mesons has to be taken into 
account and the contributions of continua, to be created by n-particle thresholds, like, e.g., 
2Tr, Sir, KK,NN etc., together with the correct asymptotic behaviours and normalizations 
have to be included. 

In recent years, abundant and very accurate data on the nucleon e.m. ff's appeared. 
Most of the references concerning the nucleon space-like data can be found in [1]. More 
recent precise measurements arc presented in [2-10]. Besides the latter, there are also very 
accurate data on the ratio of proton electric and magnetic ff's [11] obtained at the Jefferson 
Lab for —O.bGeV^ < — 3.5GeF^ by using polarization transfer and the new data on the 
neutron electric ff from BATES [12], MAMI [13-16] and NIKHEP [17]. 

Por the time-like region data see [18-26]. There, in particular, the PENICE experiment in 
Prascati measured, besides the proton e.m. ff's [25], the magnetic neutron ff in the time- like 
region [26] for the first time. There are also valuable results on the proton magnetic ff at 
higher energies measured at FERMILAB [21,22]. 

All this stimulated recent dispersion theoretical analysis [27,28] of the nucleon e.m. ff 
data in the space-like region and in the time-like region [29] as well. The latter works are 
an update and extension of historically the most competent nucleon ff analysis carried out 
by Hohler with collaborators [30]. However, the model does not allow one to describe all the 
time-like data consistently, while still giving good description of the data in the space-like 
region. 

In this paper, we construct a ten-resonance unitary and analytic model of the nucleon e.m. 
structure, defined on the four-sheeted Riemann surface with canonical normalizations and 
QCD asymptotics, which provides a very effective framework for a superposition of complex 
conjugate vector-meson pole pairs on unphysical sheets and continua contributions in nucleon 
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e.m. ff's . The model contains, e.g., an explicit two-pion continuum contribution given by 
the unitary cut starting with t = 4m^ and automatically predicts the strong enhancement of 
the left wing of the p{770) resonance in the isovector spectral functions to be consistent with 
the results of [27,31]. 

Another result of the presented model is the prediction of parameters of the fourth excited 
state of the p(770) meson and the automatic prediction of isoscalar nucleon spectral function 

behaviours. At the same time, a description of all existing space-like and time-like nucleon 
e.m. ff data, including also FENICE (Frascati) results on the neutron from the e+e" nn 
process, is achieved. 

The paper is organized as follows. In Section 2., the unitary and analytic ten-resonance 
model of the nucleon e.m. structure with canonical normalizations and asymptotics as pre- 
dicted by the quark model of hadrons is constructed. Evaluation of all free parameters of the 
model (however, with clear physical meaning) by a fit of all existing data is carried out in 
Section 3. In Section 4., we predict the isoscalar and isovector nucleon spectral function be- 
haviours and various coupling constant ratio values, which appear not to be free parameters 
of the constructed model. The last section is devoted to conclusions and discussion. 



2 Ten-resonance unitary and analytic model of nucleon e.m. 
structure 

All four independent sets of four nucleon e.m. ff's discussed in the Introduction are related 
by 

G^(t) = G%{t) + Gl{t) = Ff{t) + ^F^{t) = [Fm + Fnt)] + ^[Fm + F^{t)]; 
Glj{t) = GUt) + GUt) = Ff{t) + Fi{t) = [F!{t) + F^{t)] + [Fi{t) + F^(t)]; (5) 
Gm = G%{t)-Gl{t) = F-{t) + ^J^{t) = [Flit)-F^it)] + ^jFiit)-F^{t)]; 
= GUt)-Gl,{t) = F-{t)+Fi{t) = [F^{t)-F^{t)] + [Fi{t)-F^{t)], 

and at the value t = normalized as follows: 



(i) G^(0) = 1; G^(0) = 1 + /ip; G^(0) = 0; Glj{0) = i^n, 
{ii) GU0) = GI{0) = 1; G^(0) = ^(l + /xp + G](,(0) = ^(1 + /x^ - 
(m) Ff (0) = 1; Fl'(O) = /x^; (0) = 0; ^2^(0) = /x„; (6) 



where fip and /Lt„ are the proton and neutron anomalous magnetic moments, respectively. 

The ten-resonance unitary and analytic model will represent a consistent unification of 
the following three fundamental features (besides other properties) of the nucleon e.m. ff 's: 

1. The experimental fact of creation of unstable vector- meson resonances in the e~^e~- 
annihilation processes into hadrons. 

2. The hypothetical analytic properties of the nucleon e.m. ff's on the first (physical) 
sheet of the Riemann surface, by means of which just the contributions of continua are 
taken into account. 

3. The asymptotic behaviour of nucleon e.m. ff's as predicted [32] by the quark model of 
hadrons. 

Here we would like to note that a further procedure will not mean any mathematically 
correct derivation of the unitary and analytic model, but only an (noncommutative) algorithm 
of its construction which is, however, generally valid also for any other strongly interacting 
particles. 

In order to take into account the first feature, one starts with saturation of the isoscalar 
and isovector parts of the Dirac and Pauli ff's by the isoscalar and isovector vector mesons 
possessing the quantum numbers of the photon. As there are no data on the nucleon e.m. 
ff's for reliable determination of resonance masses and widths in the region < t < 4m% of 
manifestation of the majority of resonances under consideration, these parameters are fixed 
at the world averaged values. Then, their consistency with existing ff data in other regions 
is investigated. 

In Review of Particle Physics [33] we find just 5 isoscalar resonances a;(782), (/)(1020), 
aj'(1420), aj"(1600), (/)'(1680) with the required properties. However, one finds there only 3 
isovector resonances p{770), p (1450), p (1700) with quantum numbers of the photon. On 
the other hand, we have gained experience in our previous analyses that the most stable 
description of existing data is achieved if an equal number of isoscalar and isovector vector 
meson resonances in the investigated models is taken into account. Therefore, in the isovector 
Dirac and Pauli ff's we consider the third excited state of the /9-meson, p"'(2150), revealed 
in [34], and in order to achieve also a description of the time-like region data on proton at 
higher energies from Fermilab [21,22] and neutron data from Prascati [26], we also introduce 
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hypothetically the fourth excited state of the p-meson, p , the mass and width of which are 
left to be free parameters of the model. 

As one will see later from the comparison of the unitary and analytic model with all 
existing data, those resonance parameters will be found to be quite reasonable, and a simul- 
taneous description of the space-like and time-like nucleon ff data, including the FENICE 
(Frascati) results on the neutron, will be achieved. 

With the aim of incorporation of the third feature of nucleon e.m. ff 's we transform VMD 
parametrizations of the isoscalar and isovector parts of the Dirac and Pauli ff 's into the com- 
mon denominators. The explicit requirement of the normalizations (^) and the asymptotic 
behaviours 



f+'Fp''{t)\t\^^ constant, i = 1,2 (7) 

lead (for more detail see Appendix A) again to the zero-width VMD parametrization of the 
isoscalar and isovector parts of the Dirac and Pauli ff 's 
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However, they are already automaticly normalized and they govern the asymptotics (7) as 
predicted by QCD up to the logarithmic corrections. 

Despite the latter properties the model is unable to reproduce the existing experimental 
information properly and only its unitarization, i.e., inclusion of the contributions of continua 
and instability of vector-meson resonances, leads to a simultaneous description of the space- 
like and time-like data. 

It is well known that the unitarity condition requires the imaginary part of the nucleon 
e.m. ff's to be different from zero only above the lowest branch point to and, moreover, it 
just predicts its smoothly varying behaviour (see e.g. [27,31]). 

The unitarization of the model (^)-([llD can be achieved by application of the following 
special non-linear transformations 

4(4 -tg) 

I — Iq 

t = tl- "4% (12) 

t = t'k 
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4(4 - 




[1/X- 





respectively, and a subsequent incorporation of the nonzero values of vector meson widths. 

Here Iq = Om^ , = , t?^^, t?^, t?^ are square-root branch points, as it is transparent 
from the inverse transformations to (|T2|), e.g 
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■ S 



Vit) = V (13) 



and similarly for W{t), U{t) and 

The interpretation of = 9m^ and = 4m^ is clear. They are the lowest branch points 
of isoscalar and isovector Dirac and Pauli ff's on the positive real axis, respectively, as in 
the isoscalar case the 3-pion states and in the isovector case the 2-pion states are the lowest 
intermediate mass states in the unitarity conditions of the corresponding ff's. 

However, as it follows just from the unitarity conditions of ff's, there is an infinite number 
of allowed higher mass intermediate states and as a result there is an infinite number of the 
corresponding branch points ( and thus, an infinite number of branch cut contributions ) in 
every of the considered nucleon ff's. 

Since, in principle, an infinite number of cuts cannot be taken into account in any the- 
oretical scheme, we restrict ourselves in every isoscalar and isovector Dirac and Pauli ff to 
the two-cut approximation. The second one, an effective inelastic cut, in every isoscalar and 
isovector Dirac and Pauli ff is generated just by the square-root branch points tj^, tj^^tin^'^in^ 
respectively. They are free parameters of the model and the data themselves, by a fitting 
procedure, will choose for them such numerical values that the contributions of the corre- 
sponding square-root cuts will be practically equivalent to the contributions of an infinite 
number of unitary branch cuts in every considered ff. 

Some experts are suggesting to fix these square-root branch points at the NN threshold. 
However, it will be demonstrated in Section 3 that this can be done only in the case of 
isovector parts of Dirac and Pauli ff's, but in none of the cases of the isoscalar parts of the 
Dirac and Pauli ff's. 



So, by application of (12) to (|q)-([Tl]), for every isoscalar and isovector Dirac and Pauli ff 
one gets one analytic function in the whole complex t-plane besides two right-hand cuts (see 
Appendix B) of the following forms: 
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Expressions ([T^)-(|l7|), together with relations (^), represent just the ten-resonance unitary 
and analytic model of the nucleon e.m. structure with canonical normalizations @ and the 
correct asymptotic behaviours as predicted by the quark model of hadrons. In the next 
section this model is used to analyze all existing nucleon e.m. ff data and obtain further 
predictions. 



3 Analysis of all existing space-like and time-like data 

Taking into account the discussion in Section 2 and applying the asymptotic conditions [35] 
together with ff normalizations, the ten-resonance unitary and analytic model of the nucleon 
e.m. structure depends (see Appendix A) on the following parameters: 



^^n,4^^?n,4^"ip"", V', (/Siv//-), ifiNN/u)^ (^'L/^')' (/pS^/Zp)' (26) 

(/p'4iv//p"')' (/p'4iv//p"")' ifi'L/U)^ if%Nlh')^ (/p-'TViv/Zp'")' (/p"''iViv//p"")- 

Here we would like to note that criticism has been expressed by some specialists that 
the presented unitary and analytic model of nucleon e.m. structure comprises too many 
(though with clear physical meaning) free parameters. We believe that the responsibility for 
such a situation rests with various experimental groups confirming [33] nowadays so many 
vector-meson resonances possessing the quantum numbers of the photon, as a substantial 
majority of free parameters of the model are coupling constats just of these vector-mesons 
under consideration with nucleons. Once these vector-meson resonances exist, they can not 
be ignored in any theoretical considerations, including theoretical models of the nucleon e.m. 
structure. 

A solution for lowering the number of free parameters could be true numerical values of 
these coupling constants, however, brought from outside of the considered model. Neverthe- 
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Figure 1: A simultanious optimal fit of all existing data on proton electric ff 



less, for the determination of coupling constants there is no reliable theory up to now and as 
a consequence, one is forced to consider them to be free parameters of the model. 

For numerical evaluation of the parameters ( [2^ ) we have collected 512 experimental points 
which have been discussed in more detail in the Introduction. The data have been analyzed 
by relations (^) and (14)-([T7|) by using the CERN program MINUIT. The best description 



of them was achieved with x /n-df = 1-46 and the following values of free parameters: 



t}^ = 2.6012 ± 0.6391 GeV^ tj^^ = 3.5220 ± 0.0059 GeV^ 

tf^ = 2.7200 ± 0.6271 GeV"^ tf^ = 3.6316 ± 0.6235 GeV'^ 

(/Stv//-) = 1-1112 ± 0.0030 (4}Jjv//p) = 0.3843 ± 0.0043 

ifl^N/U) = -0-9389 ± 0.0056 (/^'^^//p'" ) = -0.0840 ± 0.0008 



= -0-3255 ± 0.0047 (Z^^^^/V') = 0.0299 ± 0.0003 (27) 

p(2) 



U^nn/U) = -0.2659 ± 0.0287 m^™ = 2455 ± 53 MeV 

(4'Jviv/4') = 0-1190 ± 0.0032 r^™ = 728 ± 2 MeV 

(/p''''7V7v/V") = 0-0^^9 ±0.0005 
(^p''''7Viv/V") = -0-0103 ±0.0001. 

If, on the basis of suggestions of some experts, the parameters tj^,tj^,tf^,tf^ are fixed 
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Figure 2: A simultanious optimal fit of all existing data on proton magnetic ff 



at the A^A^ threshold, the best description of existing data is achieved with a worse value of 
/ndf = 1.82 and the rest parameters as follows: 

(/Stv//-) = 0-9916 ± 0.0112 (4]^^//p) = 0.3746 ± 0.0159 
U'Un/U) = -1-1209 ± 0.0125 = -0.0799 ± 0.0006 

^f%Nlh') = -2-6079 ± 0.0384 (/^'^^//p'") = 0.0324 ± 0.0002 (28) 

if^^NN/U) = -4.4532 ± 0.1020 m^™ = 2461 ± 38 MeV 

^f%N/h' ) = ^•2617 ± 0.0502 r^™ = 728 ± 44 MeF 



(/p''''^7v/^p"") = 0-0^42 ±0.0004 
(^p''''V^p"") = -0-0112 ±0.0001. 



From the comparison of the numerical values of (|2^) with ( pT]) we come to the conclusions 
that by fixing the second branch points of the isoscalar and isovector Dirac and Pauli ff 's 
at the nucleon-antinucleon threshold the coupling constant ratios of isovector vector-mesons 
to nucleons (the mass and the width of p"" as well) are almost unchanged, but the coupling 
constant ratios of isoscalar vector-mesons to nucleons (especially of higher vector-mesons) are 
remarkably out of order. 



This fact has explanation in the values of parameters of (27) where the thresholds ti^, t\^,tf^,t 
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Figure 3: A simultanious optimal fit of all existing data on neutron electric ff 

were left to be found in a fitting procedure of data. In the isovector case, they were deter- 
mined around the value corresponding to the nucleon-antinucleon threshold and, as a result, 
it does not matter if they are fixed at the NN threshold or they are found almost at the 
same position in a fitting procedure. However, in the isoscalar case they are found at much 
lower values than the NN threshold. So, those values indicate (unlike the isovector ff's) 
that between the lowest tf^ = 9m^ branch point and the NN threshold there is some allowed 
intermediate mass state in the unitarity condition generating an important cut contribution 
which cannot be neglected in a description of the nucleon e.m. structure. We know from 
other considerations that it is just the KK threshold. 

Compilation of world nucleon ff data and their description by our ten-resonance unitary 
and analytic model with parameters (^) is graphically represented in Figs. 1-4. One can see 
from Fig. 4 that unlike papers [27,29] the ten-resonance unitary and analytic model is able 
to describe FENICE time-like data on neutron [26] quite well. The same is also valid for the 
FERMILAB proton time-like data [21,22] (see Fig. 2). The latter was possible to achieve by 
introducing a hypothetical fourth excited state of the /9(770)-meson the parameters of which 
were found in a fitting procedure of all existing data to be quite reasonable (see (^7[)). Its 
existence, however, has to be proved by being identified also in other processes and not only 
e+e" ^ NN. 
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Figure 4: A simultanious optimal fit of all existing data on neutron magnetic ff 



Of particular interest is determination of the electric and magnetic, and also Dirac and 
Pauli radii of nucleons. They are given in Table 1 where for comparison the results of papers 
[27] and [30] are presented too. 



Table 1: Electric and magnetic, and also Dirac and Pauli radii of the proton and 
neutron 









rMifm] 


rllfm] 




r^ifm] 


our results 


0.827 


0.860 


0.891 


0.752 


0.914 


0.883 


Ref. [27] 


0.847 


0.836 


0.889 


0.774 


0.894 


0.893 


Ref. [30] 


0.836 


0.843 


0.840 


0.761 


0.883 


0.876 



Here we would like to stress that the neutron charge radius is predicted by the model to 
be negative automatically and its value < r"^ ^ — 0.130[/m^] is more or less compatible 
with the newest experimental result < r| „ >= -0.113 ± 0.003 ± 0.004[/m2] [36]. 

In order to demonstrate explicitly substantial deviations from the dipole fit in all channels 
and at the same time the violation of the nucleon ff scaling, particularly at large momentum 
transfer, we show in Figs. 5 the electric and magnetic proton and neutron ff 's in the space-like 
region normalized to the dipole formula Goit) = (1 — t/0.71)~^. 
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Figure 5: Ratios of appropriately normalized electric and magnetic proton and neutron ff 's 
in the space-like region to the dipole formula. 

In relation to the data on decreasing ratio of proton electric and magnetic ff's [11] ob- 
tained recently at the Jefferson Lab for —3.5GeV^ < t < — 0.5GeF^ by using polarization 
transfer, one can say that the unitary and analytic ten-resonance model at the same values 
of momentum transfers gives almost negligible falling around the value 1.02 . However, the 
latter result does not mean that the model presented here is in disagreement with the Jeffer- 
son Lab data, but all experimental points measured up to present time (see Figs. 1 and 2) in 
the interval —3.5GeV^ < t < —O.bGeV'^ are in contradiction with them. If the data on the 
electric and magnetic proton ff in the space-like region are consistent with the new Jefferson 
Lab data, then the behaviours of G^{t) and G^{t) predicted by the unitary and analytic 
model will be consistent with them too. 
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4 Other predictions of unitary and analytic model of the nu- 
cleon e.m. structure 



The unitary and analytic ten-resonance model of the nucleon e.m. structure constructed in 
this paper reflects all known nucleon ff properties and thus, it gives one analytic function, i.e. 
one smooth function on the whole real axis for every nucleon e.m. ff. As a result, one can 
then believe the predicted behaviours of these nucleon e.m. ff's to be realistic also outside 
the regions of existing experimental data. 

Valuable is the predicted existence of the fourth excited state of the /9(770)-meson with 
the resonance parameters m^"" = 2455 it 38 MeV and T^im = 728 it 2 MeV without which 
one could not achieve a satisfactory description of the FENICE time-like neutron data [26] 
and also of eight FERMILAB proton experimental points [21,22] at higher energies. 

Taking into account the numerical results (^) for the parameters of the model and the 
transformed relations for additional coupling constant ratios ( |A.6| )-( |Al9D from Appendix A 
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1 cHcl' 
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,A2) ,r ^ ~ W "^-^ ^ 
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^ w" Ul Ul" ^ ' 
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(2) 1 //' f/ 
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the following coupling constant ratio numerical values are predicted 



(Z^'L.//,/) = 0-5045 (f^)\r.r/fn') = 0-7647 

^■'uj NN' "''^ ' p NN' ■'P ' 

i/^Kr.r/l ,") = 0-1482 (f^}),r.r/fn") = -0.6199 

uj N N ' •' <JJ ' p NN' •' P ' 
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{&N/f-) = 0-1712 = 3.0530 (33) 



^fjNNlL') = -0-02455 {f%Jf,') = -1-6790 
(fS'NN/f^"^ = -0-05992 ifP^Jf,") = 1-0040. 



The universal vector meson coupling constants fg and fy are determined from the leptonic 
decay widths by the relation 

47r ~ 3 r(z/^e+e-)' ^ ' 

Then, numerical values 

fp = 5.0320 ± 0.1089; = 17.0499 ± 0.2990; = -12.8832 ± 0.0824 (35) 

are found from the corresponding world averaged lepton widths [33] and the universal a;'—, 
u) — and p p — meson couplmg constants 

4/ = 47.6022 ± 7.5026; /^/z = 48.3778 ± 7.5026 (36) 



and 



fp' = 13.6491 ± 0.9521; /^// = 22.4020 ± 2.2728 (37) 

have been determined from the leptonic widths estimated by Donnachie and Clegg [37] . 

As a result, the following numerical values of the corresponding coupling constants are 
predicted 

= 18.9527; f% = 1.9335; 
fl'L = 12-0956; f^^^^ = 10.4375; 
f%N = 24-0153; /«^^ = -13.8870; 
f!y'NN = 7-1696; 



(38) 



f(2) _ 
Ju>NN ~ 


2.9189; 


f(2) _ 
JpNN ~ 


15.3627; 


f(2) _ 
J(t>NN — 


3.4251; 


f-m _ 

p'nn 


-22.9168 


f{2) _ 
•'uj'NN 


-1.1686; 


f(2) _ 
J p'NN 


= 22.4916; 


f(2) _ 
■'u}"NN 


-2.8988. 







Their squares divided by 47r are reviewed in Table 2 and Table 3, where for comparison 
also values obtained by other authors [27,30] are presented. 
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Table 2: Coupling constants of the isoscalar vector mesons to nucleons 









^(1)2 lA 


^(1)2 /A 


our results 


28.58 


11.64 


45.89 


4.09 


Ref.[27] 


34.6 


6.7 






Ref. [30] 


24.0 


5.1 














f(2)2 /4 


our results 


0.67 


0.93 


0.11 


0.67 


Ref. [27] 


0.9 


0.3 






Ref. [30] 




0.2 







Table 3: Coupling constants of the isovector vector mesons to nucleons 







^(1)2 lA 


#(1)2 lA 
fp"NN/^^ 


our results 


0.30 


8.67 


15.35 


Ref. [27] 




40.27 


793.53 


Ref. [30] 


0.55 








^(2)2 lA 






our results 


18.78 


41.79 


40.26 


Ref. [27] 




143.97 


304.07 


Ref. [30] 


24.0 


11.5 





fl 2) 

One can immediately notice large value of the /^^ ^ coupling constants which may indicate 



violation of the OZI rule 

Using the numerical values (^) one can predict the uj — (j) mixing angle employing the 
relation 

-^^-tan^ = i^. (39) 



cos'(?f(i) fW 

JujNN JujNN 

It takes the value ■!? = 0.7175 which is very close to the ideal mixing. 

Nevertheless, the most important predictions of the unitary and analytic model of the 
nucleon e.m. structure are the isovector spectral function behaviours (see Fig. 6) to be con- 
sistent with the predictions of Hohler and Pietarinen [31] and Mergel, MeiBner and Drechsel 
[27], which have been carried out on the basis of the Frazer and Fulco [39] unitarity relation 
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Figure 6: Predicted behaviours of the isovector and isoscalar spectral functions by the ten- 
resonance unitary and analytic model of the nucleon e.m. structure 

by using the pion e.m. ff FT^{t) and the P-wave tttt — NN partial wave amplitudes obtained 
by an analytic continuation of experimental information on TriV-scattering into the unphysical 
region. 

The method of our prediction of the latter consists in the following. The ten-resonance 
unitary and analytic model of the nucleon e.m. structure constructed in this paper contains 
an explicit two-pion continuum contribution given by the unitary cut starting with t = 4m^ 
from where just the isovector spectral functions start to be different from zero. Then, despite 
the fact that the unstable /9-meson is taken into account as a pole shifted from the real axis 
into the complex plane on the second Riemann sheet of the four-sheeted Riemann surface, 
the model predicts the strong enhancement on the left wing of the p(770) resonance in the 
isovector spectral functions automatically. Just agreement of our predictions with those 
obtained by means of the Frazer and Fulco unitarity relation convinces us that our model 
constructed in this paper is really unitary. 

Another result of the presented model is the prediction of the isoscalar nucleon spectral 
function behaviours (see Fig. 6), as the model contains an explicit three-pion continuum 
contribution given by the unitary cut starting with t = 9m^ from where just the isoscalar 
spectral functions start to be different from zero. 
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5 Conclusions 



We have constructed the unitary and analytic ten-resonance (5 isoscalars and 5 isovectors) 
model of the nucleon e.m. structure which represents a harmonic unification of all known 
nucleon ff properties, like analyticity, reality condition, experimental fact of creation of vector- 
meson resonances in electron-positron annihilation processes, normalization and the asymp- 
totic behaviour as predicted for nucleon e.m. ff 's by the quark model of hadrons. It depends 
only on parameters with clear physical meaning. They are four effective square-root branch 
points representing contribution of all other higher thresholds given by the unitarity con- 
dition, the mass and width of the hypothetical fourth excited state of the /9(770)-meson 
and coupling constants of some resonances under consideration. They all are numerically 
evaluated by analyzing all existing space-like and time-like nucleon ff data. 

We would like to note that by means of the model presented in this paper all existing 
nucleon ff data, including FENICE neutron time-like data and FERMILAB proton eight 
points at higher energies, are reasonably described. In this effect, existence of the p"" (2500) 
resonance with the parameters m^"" = 2455 MeV and F^//// = 728 MeV plays a crucial role. 
So, there is challenge to experimental physicists to confirm existence of this resonance also 
in other processes than e'^e~ — > NN. 

The unitary and analytic ten-resonance nucleon ff model gives several reasonable pre- 
dictions. However, the most important among them are isoscalar and isovector spectral 
function behaviours which coincide also with the predictions obtained in the framework of 
heavy baryon chiral perturbation theory [40] . 

The work was supported in part by the Slovak Grant Agency for Sciences, Grant No. 
2/llll/21(S.D.) and Grant No. l/7068/21(A.Z.D). 



Appendix A 

The isoscalar and isovector parts of the Dirac and Pauli ff's are saturated by the isoscalar 
and isovector vector-mesons as follows: 



, I II , I "'■s ^ I II III nil '"'V 

u!,(i),u! ,ui ,0 e,e ,e ,e ,e 

m)= E z#7(/Siv//.); F2it)= E z#7(/iL//.), (A.i) 

, / // ,/ "'■s ^ I II III nil '"'V 

ui,(l>,u! ,oj ,4) Q,Q ,e ,e ,e 
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where and niy are the isoscalar and isovector vector- meson masses, /jjl]^, fi^^N ^^'^ fsNN^ 

(2) 

fvNN vector and tensor vector-meson- nucleon couphng constants and fs, fv are the 

universal vector-meson couphng constants to be determined in a vector-meson decay into two 
charged leptons. The exphcit requirement of normahzations (6) and asymptotic behaviours 



(7) in (|A.lD leads to four systems of algebraic equations [35] 



UsNnI fs) — 2 



E (/Siv//s)"^s = (A.2) 



/ // /// //// 



E ifiNN/fv)nil = (A.3) 



/ // /// //// 
Q,Q ,g ,Q ,Q 



E i&/fsWs = (A.4) 
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E U'i^L/fvWv = (A.5) 



/ // /// //// 
Q^Q ,Q ,Q 



E if^'NNlfvX = 



/ // /// //// 

g,Q ,g ,g ,q 



for (/S^//.), (/S^//.), UfL/fs) and (/S^//.). The solutions of (Q-Q) can be 
chosen in the following form: 

2 2 2 

I' (f,,'MIv/fio') ~ o 2 ~ 2 ifujNN/f^) r 2 

2 2 ^2 ^2 
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[m^ni — m'^n){rn?m — rni) 

+ (/"'7V^/4"')t^2 + (^-9) 
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which transform the original parametrizations ( |A.1| ) of the isoscalar and isovector Dirac 
and Pauli nucleon ff's just into the normahzed zero-width VMD expressions (§)-(lTT|) with 
asymptotics (^. 

Appendix B 

Incorporation of the assumed analytic properties of the nucleon e.m. ff's into the normalized 
zero- width VMD model (P)-([Tl|) can be achieved by application of the nonlinear transforma- 
tions ( |T2[ ) and a subsequent installation of the nonzero values of vector meson widths. 
There are also other expressions utilized for the vector meson masses squared 

,2 _ ^.s ^i'^in ~ *o) _2 _ +s ^(t?^ — tg) 



^2_.v ^i'tjn ~ ^0) ^2_^v ^i'^in ~ ^o) /o -1 

- *o - TTTfiT w 12 ' ~ *o - ■prrr; ^^~i2' 



and identities 



4(4^ 






- ^.o]2 


4(tL^ - 




[l/VF,o - 


- W,o? 


4(4^ 




[1/Vn 




4(^1^- 


-ti:,) 



r\ J.S -\''in ^u^ ri J.S \ in 0/ 

" ~ '^o ~ TTTiT 12 ' — ''0 



following from (|T2|) where 1^0, Wvo, Uso, X^jq are the zero- width (therefore, they have a 
subindex 0) VMD poles and Vat, Wn, Un, Xn are the normalization points (corresponding 
to t = 0) in the V, W, U, X planes, respectively. 

Really, relations (|12|), ( p.l| ), ( |B.2| ) first transform every t-dependent term and every con- 
stant term consisting of a ratio of mass differences in (p|)-(pA[) into a new form as follows. For 
instance, the term ?7i^/(m^ — t) in (|8|) is transformed into the following form: 



ml ml-0 f 1-V^\\Vn-V^,){Vn + V^,){Vn-1/V^oWn + 1/V^o) 



ml-t ml-t \l-V^ {V -V^,){V + V^,){V -l/V^,){V + l/V^,) 



(B.3) 
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The constant mass terms, e.g. (m'^ , — m^) I (m? „ — m? also from (ra), becomes: 

m^, - ml _ (m^ - 0) - (mg, - 0) _ 
m^ ,1 — m^ , im^ II — 0) — (m^, — 0) 



(y , -l/V 



'{Vn- 




(K.o-l/VLo)2 
+ Vj,){V^-l/V^. 










(V II - xiv iiY 






{Vn- 








+ 1/1//)" 














- L-OJo 



















(B.4) 



Then by utiUzation of the relations between complex and complex conjugate values of the 
corresponding zero-width VMD pole positions in the V ^ W, U, X planes 



1^0 



W, 



w* ■ w 
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-V*,; V II = l/V*ii; V.I = l/V*, 
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' eo ' So 



1/W*iiii (B.5) 

So 
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So 



X nil 
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1/X*iii, 
' So 



following from the fact that in a fitting procedure one finds 
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(B.6) 



and subsequent introduction of the non-zero values of vector-meson widths F 7^ by the 
substitutions 



{ms 



s \2. 



m,, 



V n2 



(B.7) 



one comes to (p^)-(|T7|). 
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